This study presents development and application of a fully coupled two-phase (methane and water) and poromechanics numerical model for the analysis of geomechanical impact on coalbed methane (CBM) production. The model considers changes in two-phase fluid flow properties, i.e., coal porosity, permeability, water retention, and relative permeability curves through changes in cleat fractures induced by effective stress variations and desorptioninduced shrinkage. The coupled simulator is first verified for poromechamics coupling and simulation parameters of a CBM reservoir model are calibrated by history matching against one year of CBM production field data from Shanxi Province, China. Then, the verified simulator and calibrated CBM reservoir model are used for predicting the impact of geomechanics on production rate for twenty years of continuous CBM production. The simulation results show that desorption-induced shrinkage is the dominant process in increasing permeability in the near wellbore region. Away from the wellbore, desorptioninduced shrinkage is weaker and permeability is reduced by pressure depletion and increased effective stress. A sensitivity analysis shows that for coal with a higher sorption strain, a larger initial Young's modulus and smaller Poisson's ratio promote the enhancement of permeability as well as the production rate. Moreover, the conceptual model of the cleat system, whether dominated by vertical cleats with permeability correlated to horizontal stress or with permeability correlated to mean stress can have a significant impact on the predicted production rate. Overall, the study clearly demonstrates and confirms the critical importance of considering geomechanics for an accurate prediction of CBM production. (1) A fully coupled two-phase flow and poromechanics model for methane recovery (2) Simulation parameters are calibrated by history matching against field data (3) The geomechanics behaviors significantly affect the prediction of CBM production
Highlight:
(1) A fully coupled two-phase flow and poromechanics model for methane recovery (2) Simulation parameters are calibrated by history matching against field data (3) The geomechanics behaviors significantly affect the prediction of CBM production 2   30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56   57   58   59 1. Introduction Coalbed methane (CBM), an unconventional gas resource, has caught considerable attention and interest, particularly in China, India, and Australia, because of the decline of conventional gas supplies and high demand of the global energy market (Moore, 2012; Thararoop, 2010; White et al., 2005) . CBM has a unique reservoir mechanism compared to those of conventional gas and oil. Up to 98% of CBM within a reservoir is stored on the inner surface of the coal grains, or skeleton, in a matrix system by adsorption. The remainder is free gas that exists in the fractures of the cleat system. To extract CBM from the coal reservoir, large amounts of water must be pumped out (McKee and Bumb, 1987) in order to decrease the reservoir pressure down to the critical desorption pressure to release absorbed gas from the matrix into the cleat system. The different sizes of fractures in the cleat system act as the conduits for methane and water migration into the well. A typical CBM recovery with a vertical well is illustrated in Fig. 1 . During the CBM production process, the variation in pore pressure causes a change in the stress state, which induces deformation of the reservoir. The permeability of coal is sensitive to stress changes and deformation (Clarkson et al., 2013; Wei and Zhang, 2013) . As the pore pressure declines during production, the effective stress increases to narrow or even close the apertures of fractures in the cleat system and thus reduces coal permeability. Meanwhile, a shrinkage phenomenon occurs when methane desorbs from the surface of the matrix system. The shrinkage induced by gas desorption will enlarge the width of the cleat fractures, which enhances coal permeability. These coupled hydraulic and geomechanical processes can change permeability dramatically and will therefore have a significant impact on the evolution of CBM methane production.
A number of permeability models have been proposed to consider both the effects of pore pressure changes and shrinkage/swelling of the matrix system due to gas 3   60  61  62  63  64  65  66  67  68  69  70  71  72  73   74  75  76  77  78  79  80  81  82  83  84  85  86  87  88  89 desorption/adsorption. Gray (1987) was the first to propose a permeability model, which considers both the geomechanical deformation caused by pore pressure depletion and the shrinkage caused by gas desorption. Seidle et al.'s (1992) derived an exponential relationship between coal permeability and net confining stress. The well-known S&H model (Seidle and Huitt, 1995) assumes that permeability changes are solely controlled by a Langmuir-type swelling strain induced by gas desorption. Under uniaxial stress conditions, Palmer and Mansoori (1998) proposed a theoretical formulation for porosity and permeability change as a function of pore pressure. The P&M model was derived based on linear elasticity for porous rock deformation and sorption-induced strain, analogous to thermal expansion/contraction in a thermo-elasticity. Shi and Duncan (2004) developed a permeability model (S&D model), which also considers sorption-induced strain and pressure depletion under uniaxial strain conditions. The S&D model includes an exponential relationship between permeability and stress, similar to that of Seidle et al.'s (1992) , but with permeability related to horizontal effective stress rather than mean effective stress. Cui and Bustin (2005) (C&B model) is equivalent to the S&D model, but mostly applied for the case when absolute permeability of the cleat system varies with the mean effective stress. Pan and Connell (2007) (P&C model) derived a theoretical model that describes adsorption-induced swelling resulting from the energy balance between the surface energy change from adsorption and the elastic energy change from the change in the solid skeleton.
In recent years models have been developed considering additional aspects such as internal swelling, multicomponent adorption, anisotropy, stress-dependent compressibility. Among those, Liu and Rutqvist (2009) considered the fracture-matrix interaction during coaldeformation processes based on the concept of internal swelling stress, which results from the partial separation of the matrix block by discontinuous fractures. Clarkson (Clarkson et al., 2010) proposed coupling the P&M and P&C model to extend the P&M model and incorporate multicomponent adsorption. Here, the P&M model refers to a more general expression, in which the sorption-induced volumetric strain is converted from the linear strain calculated in the P&C model. Moore (Moore et al., 2014) proposed an anisotropic permeability model to match the apparent exponential-type increase in permeability in the San Juan basin. The C&B and S&D models are both deduced with an assumption of a constant pore compressibility or bulk modulus; thus, initial porosity does not appear in both. Based on the C&B model, Ma et al. (2016) developed a new permeability model (M&R model) considering the variations in pore compressibility during pressure drawdown.
The recovery process of CBM is frequently simplified as a single phase gas flow process, neglecting the water existing on different scales of pores or injected into the coal seams for fracturing (Chen et al., 2013; Wang et al., 2012) . Such simplification can have a strong influence on the predicted evolution of the CBM flow rate and cumulative production recovery. Saturation is one of most vital factors in determining the CBM production rate (Roadifer et al., 2003) , as it affects the mobility, not only through variation in intrinsic permeability with swelling, but also through changes in the relative permeability. of swelling on mobility can be more significant in dry coal than coal saturated with water and gas (Moore, 2012) . The free water that exists in the cleat system or the water that is injected during hydraulic fracturing affects the degree of saturation and capillary pressure that in turn affects the relative permeability of methane and water. The two well-known relatively permeability models of Brooks and Corey (1966) and Van Genuchten (1980) , have been developed for unconsolidated and consolidated porous media, respectively. Laboratory experiments have been conducted to investigate the permeability of different coal with steady-state and unsteady-state methods (Durucan et al., 2013; Shen et al., 2011) . In another approach, relative permeability has been determined by history matching with field production data (Zhou, 2012) . Dynamic relative permeability models have also been proposed with consideration of the combined effects of stress changes and desorptioninduced shrinkage of the matrix system (Xu et al., 2014) . Chen et al. (2013) proposed a more direct relationship between effective mean stress changes and effective saturation, which was calibrated against experiments on different types of coal. In any case, the water retentions and relative permeability curves are a crucial multiphase flow property in predicting both the recovery rate of CBM and the amount of produced water (Clarkson et al., 2011) .
In this paper, a mathematic model is developed to describe the coupled process of incorporating two-phase fluid flow and coal deformation caused by pore pressure and gas desorption during CBM production. The governing equations of the model are then implemented and solved in the multiphysics software COMSOL based on the finite element method. The performance and accuracy with respect to poromechanics are tested by a 1-D Terzaghi's consolidation problem. Then, a history matching of one year of CBM production data from the Shanxi Province, China, is performed to calibrate reservoir properties for the model. Finally, the same model is used in a sensitivity study to investigate the influences of geomechanics during 20 years of CBM and water production.
Theoretical Background

Fluid flow
The general mass balance equation for immiscible phases flow in a coal seam is given as ∂m α ∂t
where Q α is the flow sources or sinks ( α=w∧g represent water and CBM, respectively).
The velocity u α of fluid can be described by Darcy's law: 
where K and k rα are the intrinsic and relative permeabilities, respectively. μ α is the flow viscosity, and p α is the pore pressure. m α is the flow mass. The water mass is described as
where S w is the water saturation, ρ w is the density of water and ϕ is the porosity of the cleat system.
The model assumes that coal is a single porosity and permeability medium, which implies that the methane absorbed on the surface of the coal grain diffuses instantaneously into the cleat without a desorption time lag. Thus, the methane mass in the fractures of the cleat system consists of free and adsorbed phases. The total mass is expressed as (Thararoop, 2010; Webb, 2011) 
where ρ c is the density of the coal seams and p L and V L are the Langmuir pressure and volume constant, respectively. To simplify the expression, this study assumes that
(1−ϕ)≈1 . ρ ga is the density of methane under standard conditions. This study also considers the compressibility of gas and water, which means that the density is not a constant that varies with pore pressure. The density is described by
C α is the fluid compressibility, which is obtained from the NIST (NIST, n.d.).
Substituting Eqs. (3) and (4) into (1), the water flow equation can be rewritten as
The methane flow equation is expressed as 
There are four variables ( S g , S w , p g and p w ) in the above equations. These variables cannot be solved without supplementary equations for saturation and capillary pressure.
where p c is the capillary pressure, which is a function of saturation. The different functional relationships between capillary pressure and saturation and the relative permeability are adopted (Brooks and Corey, 1966; Leverett, 1941; Van Genuchten, 1980) . In this study, capillary pressure and relative permeability are governed by the following functions (Pruess et al.,2012) :
where p e is the entry pressure and λ is a coefficient related to the pore size distribution.
k rg and k rw are the relative permeabilities of gas and water, respectively. se is the effective saturation, defined as
where S wr and S gr are the residual saturations of water and gas, respectively, which change with the stress-induced porosity or permeability ratio (Chen et al., 2013 
where n wr and n gr are fitting parameters that are calculated by the experimental data.
S wr 0 and S gr 0 are the initial values of the residual saturation in the water and gas phases, respectively. Hereto, the porosity, permeability, residual saturation, saturation and capillary pressure are all functions of the mean stress.
The production mass of water and methane on the well boundary are expressed as (Chen et al., 2013; Peaceman, 1978 )
where p wb is the bottom hole pressure (BHP), p w and p g are the average water and gas pressure in the reservoir, respectively, r e is the drainage radius, r w is the wellbore radius and S is the skin factor.
Stress-dependent porosity and permeability model
A new model of porosity/permeability was proposed in Ma et al. (2016) by considering the gas desorption/adsorption: 
where
Substituting Eq. (20) into Eqs. (5) and (6), the model containing the governing equations for describing the effects of capillary pressure and coal deformation on porosity and permeability for water and gas flow in a coal seam is given as
where dpc sw = ∂ p c ∂ se
Geomechanical model for coal deformation
Based on the constitutive relation of poro-elasticity and considering the methane-desorptioninduced volumetric strain, the governing equation for deforming coal seams is expressed as follows (Rutqvist et al., 2001) :
where σ and σ ' are the total and effective stress (with tensile stress being a positive quantity), respectively, p is the pore pressure tensor, D is the tangential stiffness matrix and ε s is the desorption-induced linear strain calculated by the Langmuir-type equation as 
Implementation of the numerical model
Eqs. (21), (22) and (23) (21) and (22) using the COMSOL General Form PDE interface. In COMSOL, the General Form PDE equation for the primary variable u has the following expression:
The two primary variables are
In this study, pressure and saturation are chosen as the primary variables to achieve a relatively stable and robust convergence in COMSOL (Bjørnara and Aker, 2008) . The PDE coefficients d a , Γ and f are introduced as 
where pgx , pgy , swx and swy represent the partial derivative of gas pressure and water saturation in the x and y directions. The schematic of solving a coupled model of CO 2 flow and coal seam deformation in COMSOL Multiphysics is illustrated in Fig.  2 . 
Model verification and calibration
Terzaghi's consolidation problem
The numerical solution and analytical solution of Terzaghi's consolidation problem were compared to verify the accuracy of our implementations and solution of the coupled equations in COMSOL Multiphysics. The analytical solution of the problem is presented by Verruijt (2013) . Fig. 3 describes the one-dimensional Terzaghi's consolidation problem. The sample is located at z=0 , and its thickness is denoted by 2 h=10 m. The upper and lower are both fully drained, which ensures that the pore pressure remains zero along the two boundaries. A vertical load of q=5 MPa was applied at the top at t=0 . Due to the sudden loading, the initial pore pressure is zero and instantaneously increases to the maximum. To solve Terzaghi's problem, a fine triangular element mesh is chosen to discretize the simulation region. The simulation parameters are listed in 
History matching of field methane production
In this section, the relative permeability for the coupled simulation is calibrated by history matching of CBM production data from a vertical well in the south of Shanxi Province, China (Liu, 2013) . Initially, approximately 320 m 3 of pressurized water was injected into the coal seam for hydraulic fracturing to improve connectivity to the well and increase the permeability of the reservoir. Then, during subsequent production, reservoir pressure was reduced to the critical desorption pressure to release adsorbed methane from the coal matrix into the cleat system. Both the methane and water was produced through the vertical well. Field history data of methane and water production from October 4th, 2007 to September 3rd, 2008, are used for model calibration in this study. Eqs. (13) and (14) Initial residual water saturation S wr 0 0.2 Fitting parameter n wr 0.49
Initial residual methane saturation S gr 0 0.0
The mass production rates of water and methane computed with Eqs. (16) and (17). are applied to the wellbore. Using the input data listed in Table 2 , a good agreement is achieved between simulation results and field data (Fig. 6 ).
Modeling of HM effects on longer term CBM production
Having tested and calibrated the COMSOL CBM model, a sensitivity study is conducted to investigate coupled HM effects on longer-term CBM production. The same model grid is used as in the previous model calibration. The production is in this case modeled with a constant wellbore pressure at 0.1 MPa as this is numerically much more efficient for the 15   367  368  369  370  371  372  373  374  375  376  377 many simulations needed in the sensitivity study. All other parameters are those listed in Table 2 . In the simulation, the BHP is linearly decreased down to 0.1 MPa in a short time and then kept constant for twenty years of production. Fig. 7 displays the spatial distribution of the pore pressure p , water saturation S w , mean effective stress change Δ σ and permeability ratio k / k 0 after twenty years (7200 days) of production. The pressure and saturation decrease considerably all the way to the outer boundary, though largest decrease occurs close to the wellbore. Consistently, the mean effective stress change and permeability ratio are also the highest near the wellbore. The pore pressure and water saturation are below their initial state before production, which is because the drainage has already reached the outer lateral boundaries. Fig. 7 . Spatial distributions of the pore pressure p , water saturation S w , mean effective stress change Δ σ and permeability ratio k / k 0 after twenty years of production.
Base-case production modeling
The methane and water daily production rates are shown in Fig. 8 . The gas production increases and approaches the peak in a short time as a result of continuous dewatering. Fig. 9 shows the temporal evolution of the four key parameters at monitoring points P1 and P2. P1
is located at the wellbore, whereas P2 (x= 150 m, y = 150 m) is located 150 √2  212 m diagonal distance away from the production well. The pore pressure drops almost instantaneously at P1 as a result of the pressure drawdown applied at the well. The water saturation also decreases dramatically in a relatively short time because the majority of the water is extracted early on as a result of high initial water saturation and water relative permeability. The high water production prompts methane to migrate and accumulate near the wellbore. An almost instantaneous increase in effective mean stress occurs at P1 along with the initial pressure drop. This is followed by a gradual decrease in mean effective stress at both P1 and P2, which is a result of shrinkage as methane in desorbed from the rock matrix. At P1, an initial increase in permeability by a factor of 1.3 is the net effect of an increased effective stress and rapid desorption shrinkage. Thereafter, the permeability at P1 decreases gradually as the shrinkage effect weakens along with continuous increased effective stress.
At P2. a decrease in the mean effective stress σ with the drawdown of pore pressure and desorption shrinkage causes a reduction in the permeability of the cleat system. Fig. 9 . Temporal evolution of the pore pressure p , water saturation S w , mean effective stress chang  σ and permeability ratio k / k 0 at monitoring points P1 and P2.
Production with different permeability models
The permeability model proposed in Ma et al., (2016) , and the three other widely used models of P&M, S&D, and C&B are applied. The production profiles of CBM and water and the evolution of permeability are predicted, as shown in Fig. 10 . The comparison indicates that the production of methane and water and the permeability ratio show similar variation. However, the permeability values obtained with the S&D model are significantly higher than those obtained with the other models. This phenomenon can be explained by the fact that under the S&D model, the dominant controlling effect of permeability variation during pressure depletion is the horizontal effective stress, whereas the other three models adopt the mean effective stress. The S&D model can reflect a greater increase in permeability as the pore pressure approaches a minimum (Thararoop, 2010) . The results estimated from the C&B and P&M models and the model proposed in Ma et al. (2016) have subtle differences, which results from the different simplifications in each model. The C&B model assumes that the bulk modulus of the pores is constant, whereas the P&M model is deduced for low-porosity (less than 1%) coal seams. 
Effect of shrinkage and coal deformation
The effect of shrinkage and coal deformation are investigated with the results shown in Fig.  11 .. The model assuming a constant permeability and porosity produces a lower rate than the coupled model. The highest and lowest production rates are predicted within the models that do not consider the effect of pore pressure and shrinkage on permeability. As noted above, depressurization releases the methane absorbed on the skeleton of the matrix system, which induces shrinkage and thus widens the aperture of fracture in the cleat system. This gives rise to the enhancement of its corresponding permeability, as well as the water and methane rate of production, whereas the pore pressure has the reverse effects. Moreover, the model without pore pressure displays a stronger permeability variationthe model without shrinkage, which also indicates the dominance of shrinkage-induced strain. 442  443  444  445  446  447  448  449  450  451  452  453  454   455  456  457  458  459  460 461 Fig. 12a follow similar trend. However, the production rate of methane is higher in the coal with a larger sorption strain, which is attributed to stronger shrinkage effects on the fracture apertures, thus resulting in a larger increase in permeability, as shown in Fig. 12b . The permeability increases to approximately 1.7 times the initial value in the case with a high ε L . The decrease in ε L will weaken the dominance of shrinkage, and as expected, the permeability has only a small and brief enhancement in that case. CBM and water production rate (b) permeability ratio.
Effect of Young's modulus and Poisson's ratio
The Young's modulus and Poisson's ratio ν are two of the most important parameters for coal deformation. The influences of E and ν are investigated in this section. The E and ν values for coal with low, medium and high deformability are listed in Table 3 (Balan and Gumrah, 2009 ). The methane and gas production rates for three different Young's moduli are compared in Fig. 13a . The results show that greater production is obtained for the coal seam with a higher Young's modulus. The increase in the modulus will reduce the compressibility of the cleat and suppress the influence of pore pressure on permeability. If the Young's modulus of the coal seam increases to infinity, the predicted production would be equivalent to the model without consideration of the deformation induced by the pore pressure in Fig. 11a . Fig. 13 . Impacts of Young's modulus on the (a) CBM and water production rate (b) permeability ratio. Fig. 14a shows the influences of Poisson's ratio during production. The model predicts that the production rate is higher for a coal seam with a higher Poisson's ratio. Poisson's ratio affects both shrinkage and pressure-induced deformation; thus, the boundary conditions or even the initial value for simulation parameters would result in distinct conclusions for a different permeability model. Coal with a higher Poisson's ratio results in a higher production rate with the C&B and G&C models but lower values in the S&D and P&M models (Cui and Bustin, 2005; Gu and Chalaturnyk, 2005; Zulkarnain, 2005) . Thus, our results show significant influence of Poisson's ratio, which somewhat contradicts finding by Balan and Gumrah (2009) who stateed that Poisson's ratio does not affect CBM recovery.
Fig. 14. Impacts of Poisson's ratio on the (a) CBM and water production rate (b) permeability ratio.
Summary
This study presents development and application of a fully coupled two-phase (methane and water) and poromechanics numerical model for the analysis of geomechanical impact on coalbed methane (CBM) production. The model considers changes coal porosity, permeability, water retention, and relative permeability curves through changes in cleat fractures induced by effective stress variations and desorption-induced shrinkage. The coupled simulator was first verified for poromechamics coupling and simulation parameters of a CBM reservoir model were calibrated by history matching against one year of CBM production field data from Shanxi Province, China. Then, the verified simulator and calibrated CBM reservoir model were used for predicting the impact of geomechanics on production rate for twenty years of continuous CBM production.
The simulation results show that the production reduces the pore pressure and water saturation, particularly near the wellbore. The depressurization increases the effective stress and thus decreases the intrinsic permeability away from the well. However, the permeability near the wellbore exhibits an increase early on because of a pronounced shrinkage-induced strain by gas desorption. Among different permeability models tested, the S&D predicts distinctly larger permeability values because of the assumption that the permeability is a function of the horizontal effective stress, rather than the mean effective stress.
Ignoring the influences of pore pressure or matrix shrinkage-induced strain may lead to overor under-estimated prediction of CBM production rate. The sensitive results indicate that for coal with a high sorption strain, a larger initial Young's modulus and smaller Poisson's ratio promote the enhancement of permeability and hence results in a higher production rate. Overall, the simulation results show that geomechanical behavior has a significant impact, which is important to consider for more accurate prediction CBM production. 22   509  510  511  512  513  514  515  516  517  518  519  520  521  522  523  524  525  526  527  528  529  530   531   532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548  549  550 551  552  553  554  555  556  557  558  559  560  561  562  563  564  565  566  567  568  569  570  571  572  573  574  575  576  577  578  579  580  581  582  583  584  585  586  587  588  589  590  591  592 
